The aim of this study was to quantify the collective effect of common lipid-associated single nucleotide polymorphisms (SNPs) on blood lipid levels, cardiovascular risk, use of lipid-lowering medication, and risk of coronary heart disease (CHD) events. . Similar associations were observed for the TC score in both studies. The TG score was associated with high-risk status and medication use in both studies. Neither HDL nor TG scores were associated with the risk of coronary events. The genetic scores did not improve discrimination over the Framingham risk score.
Introduction
The causal relevance of low-density lipoprotein cholesterol (LDL-C) in coronary disease has been established by numerous trials of LDL-C-lowering interventions. 1 In Britain, 50% of all coronary events have been attributed to elevated cholesterol level 2 and over 7 million people now use statins to reduce cholesterol for the prevention of coronary heart disease (CHD). However, cholesterol levels identify patients at risk of future coronary events only moderately well. 3 Many individuals have a cholesterol concentration sufficient to raise the risk of coronary events, but the strength of the association of LDL-C with coronary events is only modest, with about a three-fold relative difference in the risk of coronary events among those at the extremes of the population LDL-C distribution. 4 On the basis of observations from prospective studies and randomized trials on statin drugs, UK, European, and Australasian guidelines on the primary prevention of cardiovascular disease (CVD) recommend prescription of statins on the basis of absolute CVD risk rather than solely on LDL-C thresholds. The recommended methods for evaluating absolute CVD risk are based on multiple cardiovascular risk factors. The Framingham 10-year CVD risk equation, 5 for example, incorporates information on lipid levels as well as age, sex, blood pressure, smoking habit, and diabetes status. Other risk scores used in Europe include QRISK, 6 Euroscore, 7 or Prospective Cardiovascular Münster (PROCAM) risk score. 8 Despite guidelines, doctors may be persuaded in their therapeutic decisions by high absolute values of total cholesterol (TC) or LDL-C. All the principal blood lipid fractions: TC, LDL-C, high-density lipoprotein cholesterol (HDL-C), and triglycerides (TG), have both environmental and genetic determinants, with a reported heritability of 40-70%. 9 Recently, whole genome and our own previous dense gene-centric array analysis have identified numerous common single nucleotide polymorphisms (SNPs) associated with TC, LDL-C, HDL-C, and TG concentration. In the two cohorts studied here, we previously reported that, though individually these SNPs had a small average effect, lipid concentration differences between individuals carrying few vs. many such variants may be substantial. 10 However, there is little information on (nor did we previously examine) the population effect of multiple lipid-associated SNPs on clinically relevant healthcare outcomes such as estimates of cardiovascular risk, prescription of lipid-lowering drug therapies, and subsequent clinical events.
There is interest in lipid-associated genotypes as a potential health technology for predicting adverse health outcomes, including the risk of clinical events and the need for later preventative treatments. Potential advantages of genotypes include being fixed from conception, indexing long-term differences in blood lipid values without the biological variation that affects assays of blood lipids themselves, and being assayed at low cost and with very high fidelity. We therefore studied the influence of common SNPs associated with blood lipid levels on the following outcomes: (i) the odds of being identified as a 'high-risk' individual as determined by a Framingham 10-year CVD risk .20%, which is the qualifying threshold used to identify such individuals in Britain (and many other countries), and is a reference against which many other methods of risk prediction are routinely assessed; (ii) the odds of actually receiving lipid-lowering treatment, as guidelines encourage primary therapeutic intervention for these high-risk individuals; and (iii) the risk of coronary disease events. Analysis was carried out in the Whitehall II Study (WHII) and the British Women's Health and Heart Study (BWHHS), in which prescribing decisions were made without knowledge of participants' genotype. For comparison, we looked at the association of the Framingham 10-year CVD risk score, which is based on phenotypic rather than genetic measurements, with the odds of receiving lipid medication and CHD outcome. Only questionnaire data were collected during follow-up in 2007 (8 years later). Information on CHD events and lipid medication from this follow-up phase was used for this analysis. Ethical committee approval was obtained for the study. Detailed information on lipid measurements and record of coronary events in both studies are described in the Supplementary material.
Methods

Study populations and non-genetic measures
Use of lipid-lowering drug therapy
In WHII, participants were asked to name any medication taken in the 14 days prior to the survey at each phase of data collection. For BWHHS, lipid-lowering drug use was determined by face-to-face interview at baseline. Participants were asked to bring to the assessment their repeat medication slips or their actual medications. For subsequent phases, information on medication was obtained from selfadministered postal questionnaires. For questions on medication use, participants were encouraged to write medication details direct from their repeat prescription sheet and/or mail a copy of the prescription sheet back with the questionnaire. Detailed information on medication data collection is provided in Supplementary material.
Genotyping
The Illumina HumanCVD BeadChip, 13 a gene-centric array containing 50 000 SNPs covering 2000 CVD candidate loci (see Supplementary material), was used to genotype 5592 subjects from the WHII study 10 and 3445 women from BWHHS 12 with sufficient DNA preparation (see Supplementary material). Genotypes were generated
Influence of common genetic variation on blood lipid levels, cardiovascular risk, and coronary events Table S5 ) and the simpler model is presented here for ease of interpretation. Individuals with missing genotypes were excluded. The genetic scores were calculated in the same manner for BWHHS participants.
Estimation of the 10-year absolute risk of cardiovascular disease
Using the equation from the Framingham Heart Study, 5 the 10-year risk of developing CVD was estimated using baseline measures in both studies in individuals with complete phenotype data. The equation incorporates information on gender, age, diabetes status, smoking habit, systolic blood pressure, TC, and HDL-C. As the equation incorporates TC levels and is designed for estimating risk in individuals without heart disease, participants on lipid-lowering medication or with CHD at baseline were excluded. The risk is presented as the percentage chance of developing CVD (CHD or stroke) within 10 years.
Association of genetic scores with lipid levels
We expressed the effect of genetic scores on baseline lipid concentration per additional allele (equivalent to a unit change in the score) and as the difference in lipid value between participants in the highest and lowest quintile of the genetic score distribution. Individuals on lipid medication at baseline were excluded from this analysis. Linear regression analysis was performed unadjusted and adjusted for gender (only in WHII) and age. HDL-C and TG variables were log-transformed prior to analysis.
Association of genetic scores with 'high-risk' status
We used the Framingham 10-year risk of CVD .20% as an assessment of high-risk status. Using logistic regression, the odds ratio (OR) for having CVD risk .20% were calculated for individuals in the top quintile of the lipid score distribution with reference to individuals in the lowest quintile, unadjusted and adjusted for the respective lipid fraction.
Association of genetic scores with actual use of lipid-lowering medication
Using logistic regression, the ORs for lipid medication use for primary prevention were calculated for individuals in the top quintile of the genetic score distribution with reference to individuals in the lowest quintile, unadjusted and adjusted for the respective lipid fraction. Baseline lipid-medication users were excluded. To ensure that analysis was restricted to subjects receiving lipid-lowering treatment for primary rather than secondary prevention, we excluded those individuals who had a CHD event prior to receiving lipid medication. For comparison, we calculated the unadjusted OR of lipid drug use for individuals with baseline Framingham 10-year CVD risk .20% compared with those with lower risk.
Association of genetic scores with coronary events
We used logistic regression to calculate the OR for developing CHD for those in the top fifth of the lipid score distribution compared with those in the bottom fifth, both unadjusted and adjusted for the relevant lipid level. As genotype precedes outcome, all individuals with CHD at the follow-up phase (including those with CHD at baseline) were included in the analysis. For comparison, we calculated the unadjusted OR of developing CHD for individuals with high baseline risk (.20%) compared with those with lower risk.
Utility of genetic scores for prediction of lipid-lowering drug use and coronary heart disease events
To evaluate the potential value of the lipid genetic scores for discrimination, we calculated the area under the receiver operating characteristic (AUROC) for all four lipid genetic scores for distinguishing individuals that would qualify (i.e. high-risk individuals) and actually use lipid medication as well as for CHD outcome. To determine whether the genetic scores improve discrimination above non-genetic risk factors, we also calculated AUROC for the combined Framingham risk and lipid genetic scores. The data points used for each analysis in both studies are summarized in Supplementary material online, Table S6 .
Results
Participant characteristics
The baseline characteristics of the participants from the two studies are shown in Table 1 . Median and ranges for HDL and triglycerides, which had skewed distributions, are provided in the Supplementary material. In WHII, of those individuals that did not have CHD and were not on lipid medication at baseline, 8% had an estimated 10-year CVD risk .20%. On follow-up ( 10 years later) 32% of these 'high-risk' individuals were on lipid medication, whereas only 7% of individuals with baseline CVD risk ≤20% were on lipid medication at follow-up. In BWHHS, 49% had high CVD risk (.20%) at baseline, of which 34% were on medication at follow-up ( 8 years later). In comparison, only 8% of BWHHS individuals with baseline CVD risk ≤20% were on lipid medication at follow-up.
Association of genetic scores with blood lipids
The genic locations of SNPs used in genetic score are shown in Supplementary material online, Tables S1-S4. As expected, though per allele effects on lipid values are small, there is substantial difference in mean lipid levels between individuals in the highest and lowest quintile of the genetic score distribution ( Table 2) .
Association of genetic scores with 'high-risk' status
Individuals in the top quintile of the distributions of each of the four lipid genetic scores tended to have a higher odds of being identified as 'high risk', as determined by the Framingham 10-year CVD risk .20% (Table 3) . Adjusting for the respective baseline lipid levels completely attenuated the association of all genetics scores ( Table 3) . The TG genetic score showed the strongest association, with individuals in the top quintile of the TG score distribution having a 1.99 (1.39-2.85)-and 1.56 (1.22-2.00)-fold higher odds of having CVD risk .20% compared with those in the bottom quintile in WHII and BWHHS, respectively. None of the lipid genetic scores were associated with risk factors incorporated in the Framingham risk equation other than blood lipids (shown for WHII in Supplementary material online, Table S7 ).
Association of genetic scores with actual lipid medication use
Individuals in the top quintile of the LDL genetic score had a 2.38 (1.57-3.59)-and 2.24 (1.52-3.29)-fold higher odds of receiving lipid medication than those in the lowest quintile ( Figure 1A ) in WHII and BWHHS, respectively. However, adjustment for LDL-C concentration completely attenuated this association in WHII. In BWHHS, though the association was substantially reduced, it remained significant ( Figure 1B) . Individuals in the top quintile of the TC and TG genetic scores were more likely to use lipid medication and these associations were attenuated to the null after adjusting for TC and TG levels ( Table 3 and Figure 1 ). The HDL genetic score was not associated with actual use of lipid medication ( Figure 1) Association of genetic scores with coronary heart disease events Individuals in the top quintile (compared with bottom quintile) of the LDL-C genetic score distribution had a higher risk of CHD [WHII: OR¼1.43 (1.02-2.00) and BWHHS: OR¼1.31 (0.99-1.72)] (Figure 2) . After adjusting for LDL-C levels, this association was completely attenuated in WHII but not in BWHHS (Figure 2) . Similar associations were seen in both studies for the Influence of common genetic variation on blood lipid levels, cardiovascular risk, and coronary events TC genetic score ( Figure 2) . The TG score showed association with higher risk of CHD in WHII but not in BWHHS (Figure 2 
Comparison of genotype-based and phenotype-based discrimination of coronary heart disease events
The performance of lipid genetic scores for discriminating high-risk individuals, those who become users of lipid-lowering medication or develop CHD is shown in Figure 3 . None of the genetic scores exhibited an AUROC greater than 0.60 whereas the Framingham risk equation exhibited much better discrimination for CHD events ( Figure 3 ). The addition of the individual genetic scores to the Framingham risk score did not improve discrimination of CHD events ( Table 4) . We also calculated the net reclassification index (NRI) for risk models incorporating Framingham risk and lipid genetic scores. All NRIs were ,0.009 (Supplementary material online, Table S8 ). Using PLINK to impute lipid genetic scores in individuals with missing data did not substantially alter our results (data available on request).
Discussion
Statement of principal findings
Individuals in the top quintile of the LDL and TC genetic score distributions, calculated using 22 LDL-associated and 20 TC-associated genetic variants, respectively, tended to have greater odds of having high CVD-risk status, receiving lipid-lowering medication and having a CHD event than individuals in the bottom quintile, in two UK studies of middle-aged men and women. Despite predisposing to lifelong differences in levels of blood lipids, the strength of the genetic associations was insufficiently large to usefully discriminate individuals likely to require lipid-lowering treatment or develop CHD. The Framingham risk equation which incorporates a single mid-life measurement of TC and HDL-C as well as other non-genetic risk factors, performed better than genetic scores for the prediction of CHD events, and the addition of the individual genetic scores to the Framingham risk calculation did not improve discrimination.
Comparison with previous studies
Murray et al. 19 found that LDL-C and TG genetic scores based on 7 and 11 SNPs, respectively, were associated with the likelihood of exceeding the lipid thresholds for intervention as advocated by the US guidelines (http://www.nhlbi.nih.gov/guidelines/cholesterol/ index.htm), in an Italian sample of 1155 individuals over 65 years, but that a score based on nine HDL-C-associated variants was not. However, this study did not examine associations with estimates of absolute CVD risk, nor the number of individuals actually treated with lipid-modifying drugs. In our study the genetic scores were based on SNPs included in the Illumina HumanCVD Beadarray, which has denser SNP coverage of many of the loci 16 associated with blood lipid fractions, but lesser genome coverage than whole-genome SNP arrays. SNPs previously studied by Murray et al. 19 were either present or had proxy SNPs (based on HapMap CEU LD estimates; R 2 . 0.8) present on the array used in our study. Although the loci marked by our lipid genetic scores exhibited substantial overlap with those studied by Murray et al., 19 the denser SNP coverage at each locus, enabled variable selection methods to identify the best genetic predictors of lipid levels from the large number of significant associations observed in each region. Ripatti et al. 20 assessed the performance of a genetic score based on 13 SNPs previously associated with CHD itself rather than blood lipids. Although individuals in the top quintile of the score had a higher relative hazard of CHD compared with individuals in the bottom quintile, this CHD genetic score also did not improve the discrimination of CHD events over non-genetic risk factors and family history. A study by Kathiresan et al. 21 examined the utility of LDL and HDL genetic scores for the discrimination of CVD events. They selected a much smaller subset of seven SNPs for LDL-C and four for HDL-C for the score calculation, based on published studies. Although the genetic scores were Influence of common genetic variation on blood lipid levels, cardiovascular risk, and coronary events Figure 3 Prediction of lipid drug usage and coronary heart disease events in Whitehall II using lipid genetic scores area under the receiver operating characteristic for discriminating between high-risk individuals based on a Framingham risk .20% in (A) the Whitehall II study and (B) the British Women's Heart and Health Study, actual use of lipid medication in (C) the Whitehall II and (D) the British Women's Heart and Health Study, and coronary heart disease in (E) the Whitehall II and (F ) the British Women's Heart and Health Study.
associated with incident CVD events even after adjustment for lipid levels they did not improve the discrimination of CVD events. 21 However, this study did not look at other clinically relevant outcomes. 21 For this reason, it might be supposed that genetic predictors of healthcare outcomes might outperform cross-sectional phenotypic measurements. However, consistent evidence from this and other studies now indicates that prediction based on phenotype outdoes prediction based on common genotypic variation. Despite this, at the group or population level, genotype might have utility as an index of prescribing because the prevailing average threshold for prescribing is inducible from the relative proportions of genotypes receiving medication. 22 
Implications for clinicians and policymakers
Limitations of the study
We studied a large number of SNPs associated with the major blood lipid fractions, but these variants collectively explain only a small proportion of the variance in blood lipid levels and only a fraction of the heritability. 10 As the current work was completed, the Global Lipids Genetic Consortium conducted a meta-analysis of genome-wide association studies involving .100 000 participants which has increased the list of loci influencing the major blood lipid fractions to almost 100. 23 Scores based on a larger number of lipid-related SNPs will likely explain a larger proportion of the variance in blood lipids and have larger average differences in lipid concentrations in individuals at opposite extremes of the score distribution. 23 However, the ability of genetic scores incorporating these additional SNPs to identify individuals with high-risk status or CHD events may not be correspondingly large because the effect sizes of additional loci identified in very large meta-analysis tend to be extremely small. Additionally, new SNPs are also distributed across different chromosomes and inherited independently, so that only a small proportion of the population carries a large burden of lipid-raising alleles. Further analysis based on all known lipid-related loci will be needed to determine whether the interpretations of our findings, based on the HumanCVD array-derived genetic scores, on the utility of lipid-related SNPs for predicting important healthcare outcomes will substantially alter. Although the content of the array we used for genotyping was based on haplotype tagging SNPs, we may not have captured all the genetic variation at the loci we studied. Ongoing efforts to fine map causal variants at these loci may increase the number of eligible SNPs and improve the performance of lipid-related genetic scores. The effects of gene-gene and gene-environment interactions were not modelled and may also contribute to the missing phenotype variance explained. We also used an approach of simply counting the number of trait-raising alleles, which assumes that the SNPs act independently and additively and with equal effect. However, given that the effect sizes for most SNPs are very small, using a weighted genetics score is unlikely to make a significant difference. Current efforts to deeply resequence for rare variants at the relevant genomic regions may also identify highly penetrant (albeit rare) alleles with a larger effect 24 on blood lipid levels than those studied here. The associations observed in WHII are likely to be overestimated as the same data were used both for SNP discovery and evaluation of the performance of the allele scores. However, the associations and performance estimates were broadly similar in BWHHS. As genotype precedes phenotype, individuals with baseline CHD could be included for the analysis of genetic score with CHD outcome. However, as the Influence of common genetic variation on blood lipid levels, cardiovascular risk, and coronary events CHD were excluded for the analysis of Framingham risk score with CHD outcome. Exclusion of higher-risk CHD patients from the latter analysis may have blunted the true association. A final limitation is that data regarding an individual's use of lipid-lowering medications were obtained by self-recall at interview and from a questionnaire mailed to participants, as access to the participant's medical records was restricted. However, as participants are unaware of their genetic score any reporting error would be non-differential with respect to this, and the statistical expectation would be an underestimation of the reported association.
Conclusion
At the population level, the common SNPs examined here that are associated with TC and LDL-C contribute to variation in blood lipid levels, high cardiovascular risk, use of lipid-lowering medications, and the risk of CHD events. However, the effects are too small to be useful for discriminating the need for lipid-lowering medication for primary prevention, or the future risk of CHD in an individual.
Supplementary material
Supplementary material is available at European Heart Journal online.
